Background: An understanding of the role of Nr4a2 in inflammation is needed. Results: Nr4a2 is a transcription factor that induces expression of M2 characteristic genes, and adoptive transfer of macrophages overexpressing Nr4a2 gives protection against septic mortality. Conclusion: Our data impart a new role for Nr4a2 in skewing macrophage plasticity to M2 type. Significance: Therapeutic intervention of Nr4a2 may provide a cure for inflammatory diseases.
Acute inflammation provides the first line of defense against invading pathogens and is followed by events that remove damaged cells to restore tissue homeostasis. However, when inflammation goes awry, it leads to the development of a number of chronic inflammatory and autoimmune disorders including atherosclerosis, obesity, Parkinson disease, Alzheimer disease, and rheumatoid arthritis (1, 2) . The early events that initiate inflammatory processes involve the ligation of pattern recognition molecules, such as Toll-like receptors (TLRs), 2 with microbial motifs called pathogen-associated molecular patterns that have conserved molecular structures. This initial ligation results in the activation of multiple signaling events, which interdigitate to rapidly induce the expression of numerous genes that escalate the inflammatory process (3, 4) . However, the same signaling processes also amplify genes that impede inflammation and ensure homeostasis. Major examples of this are the elevation in the levels of suppressor of cytokine signaling (SOCS) proteins that negatively regulate TLR signaling and induction of transcription factor aryl hydrocarbon that prevents exaggerated inflammation in response to TLR activation (5, 6) . However, currently our knowledge of the genomic regulators that modulate and fine-tune inflammation, thereby contributing to homeostasis, is not adequately understood.
Macrophages are central to inflammatory processes and are involved in the initiation, perpetuation, and resolution of inflammation (7) . They show considerable plasticity that permits them to adjust their phenotype and physiology in response to environmental cues. These adjustments lead to the emergence of different macrophage populations having the ability to perform different homeostatic functions (8) . This functional heterogeneity is vital to inflammation and its resolution to ensure host survival. The two populations of macrophages that are at either end of this functional continuum have been established and are designated as classically activated macrophages, M1, and alternatively activated macrophages, M2. The M1 macrophages are mainly involved in initiating and perpetuating inflammation and are associated with secretion of high levels of pro-inflammatory cytokines and mediators, maintenance of Th1 response, and strong microbicidal activity. On the other hand, M2 macrophages are active in the resolution phase of inflammation, where their function is to secrete high levels of anti-inflammatory cytokines, support Th2 response, and initiate the arginase pathway for the synthesis of collagen and polyamines to promote tissue repair and wound healing (8, 9) . Multiple signaling pathways and associated transcription factors contribute to these two activation states of macrophages. The signaling molecules IRF5 and STAT1 direct the macrophage phenotype toward M1 and are involved in the up-regulation of NF-Band AP-1-targeted gene expression (10, 11) . Alternatively, signaling molecules IRF4 and STAT6 skew macrophages to the M2 phenotype that involves KLF4 and nuclear receptors PPAR␥ and PPAR␦ to control the expression of M2-associated genes (10, 12, 13) .
Macrophages also express Nr4a members of the nuclear receptor family (14) . The Nr4a subfamily of orphan nuclear receptors comprises three closely related members, Nr4a1 (Nur77), Nr4a2 (Nurr1), and Nr4a3 (NOR-1). Despite being a part of the nuclear receptor superfamily, these three receptors have no known endogenous ligands and are known as receptors that function in a ligand-independent manner. Structural and functional studies have revealed the presence of side chains of bulky hydrophobic amino acid residues in the ligand-binding pocket of these receptors, which is a plausible explanation as to why these receptors fail to bind ligand and lack any ligandmediated regulation (15) . However, this subfamily has evolved to be modulated by a bipartite regulation: first at the transcriptional level and second by specific post-translational modifications. Among Nr4a family members, Nr4a2 is rapidly and strongly induced by oxidized lipids, cytokines, and pathogenassociated molecular patterns, such as LPS (14, 16, 17) . Abnormal expression of Nr4a2 has been correlated with many inflammatory disorders including multiple sclerosis, Parkinson disease, atherosclerosis, psoriasis, inflamed joints, and osteoarthritis (18 -20) . Silencing Nr4a2 in the substantia nigra of mice magnifies inflammatory responses to LPS that cause neurotoxicity, whereas mutations in the human Nr4a2 gene that result in loss of functional protein are correlated with late onset of Parkinson disease (17, 21) . Nr4a2 also induces Foxp3 expression in naive CD4 ϩ T cells and sustains the suppressive function of T regs while repressing IFN␥ secretion from Th1 cells (22) . This suggests an anti-inflammatory function for Nr4a2; however, many pro-inflammatory roles for this receptor have also been reported (23) (24) (25) .
As a transcription factor, Na4a2 recognizes the short DNA sequences known as response elements as monomer, homodimer, or heterodimer, and its binding to these cis-elements in the promoter of the target genes subsequently activates their expression. The consensus sequence utilized by Nr4a2 to bind DNA as a monomer involves a core motif (AGGTCA) and a preceding AT-rich region, although it can also bind to DNA as a homodimer (26, 27) . Nr4a2 heterodimerization with retinoid X receptor helps it mediate response to retinoids (28 -30) . However, recently a repressive function has been proposed in which Nr4a2-dependent transrepression of NF-B represses inflammatory gene expression (17) , but whether Nr4a2 transcriptional regulation has any bearing on macrophage polarization is unknown.
In this study, we report that Nr4a2 expression is induced in macrophages through the PI3K signaling pathway that attenuates innate inflammatory processes. Nr4a2 skews polarization of macrophages in favor of the alternative type and protects mice from endotoxin-induced sepsis. Thus, Nr4a2 appears to restrain inflammatory processes by polarizing macrophages to the M2 type.
Experimental Procedures
Mice and Ethics Statement-C57BL/6 mice were maintained and bred under specific pathogen-free conditions in the institute's animal house facility. Experiments with mice were approved by the Institutional Animal Ethics Committee of the Institute of Microbial Technology and performed according to the National Regulatory Guidelines issued by the Committee for the Purpose of Supervision of Experiments on Animals (Number 55/1999/Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA)), Ministry of Environment and Forest, Government of India.
Macrophages and DC Culture-Macrophages were collected from the peritoneal cavity as described (31) . The viability and absolute number of cells were determined by the trypan blue exclusion method. For the generation of bone marrow-derived macrophages (BMDMs), bone marrow precursors were cultured in RPMI 1640 medium (Gibco) supplemented with 10% new-born calf serum (Gibco), 1% penicillin/streptomycin (Gibco), and 50 ng/ml GM-CSF (eBioscience). The non-adherent cells were replated on day 3 and cultured for another 4 days. Adherent cells were harvested on day 7 with ϳ98% purity as analyzed by flow cytometry based on the expression of CD11b and F4/80. Bone marrow-derived dendritic cells (BMDCs) were obtained by culturing bone marrow precursors in RPMI 1640 medium supplemented with 10% new born calf serum, 1% penicillin/streptomycin, 10 ng/ml GM-CSF, and 10 ng/ml IL-4 (eBioscience) for 7 days. Non-adherent cells were harvested on day 7 with ϳ90% purity as analyzed by flow cytometry based on the expression of CD11c.
Adenovirus Production and Transduction-Recombinant adenovirus expressing LacZ (Ad-lacZ) and mouse Nr4a2 (Ad-Nr4a2) were produced using the Adeno-X TM Expression System 1 from Clontech according to the manufacturer's instructions. For transduction, BMDMs were incubated on the 7th day of culture with Ad-lacZ or Ad-Nr4a2 in RPMI 1640 medium supplemented with 10% new born calf serum and 1% penicillin/ streptomycin. The cells were incubated in a humidified, CO 2 (5%) incubator at 37°C for 24 h followed by aspiration of supernatant and replacement of medium. Cells were further incubated for an additional 24 h before experimental assays. For in vivo transduction, macrophages were elicited in the peritoneal cavity by thioglycollate injection. Four days later, mice were given either Ad-lacZ or Ad-Nr4a2 intraperitoneally, and the cells were harvested from the peritoneal cavity after 48 h of adenovirus delivery.
For silencing, adenovirus expressing shRNA for LacZ or shRNA specific for murine Nr4a2 was generated by transfecting the adenoviral construct, pAd/BLOCK-iT-DEST expression clone, into the 293A cell line. The viral particles were then collected according to the manufacturer's guidelines (Invitrogen).
Endotoxin-induced Model of Sepsis-Sepsis was induced in C57BL/6 male mice by intraperitoneal injection of 60 mg/kg of body weight of Escherichia coli LPS (Sigma), and survival was monitored. In some experiments, animals received an intraperitoneal injection of 30 mg/kg of body weight of 6-mercaptopurine (Sigma) or vehicle 30 min prior to LPS challenge. For adoptive transfer studies, 2 ϫ 10 6 BMDMs transduced with Ad-lacZ or Ad-Nr4a2 were injected intraperitoneally 24 h prior to LPS challenge. Serum was collected 6 h after LPS challenge for cytokine analysis, and liver was harvested after 24 h for histopathological evaluation.
RNA Isolation and Quantitative Real-time PCR-Total RNA was extracted from cells by the TRIzol method. cDNA synthe-sized from 1 g of total RNA with the Verso cDNA kit (Thermo Scientific) was subjected to RT-qPCR by the SYBR Green method (DyNAmo ColorFlash SYBR Green qPCR kit, Thermo Scientific). The normalized expression of the target gene (N t ) for each sample was calculated by the equation
Relative gene expression was obtained by setting N t in the control as 1.
Immunoblot Analysis-To prepare whole cell lysate, cells were incubated on ice for 30 min in lysis buffer and then centrifuged at 13,000 rpm at 4°C. The supernatant was collected and the protein concentration was estimated using the Bio-Rad protein assay reagent (Bio-Rad). The extracts were run on SDS-PAGE and transferred to PVDF membranes (Immobilon-P; Millipore). Membranes were blocked for 1 h at room temperature with either 5% skim milk or 5% BSA in Tris-buffered saline (pH 7.4). Membranes were incubated overnight with antibody to Nr4a2, anti-␤-actin (Santa Cruz Biotechnology), anti-Akt, or anti-phospho-Akt (Cell Signaling Technology) followed by incubation with HRP-conjugated secondary antibodies and visualization with Luminata Forte Western HRP substrate (Millipore).
Measurement of Cytokine Levels and Evolution of Urea-Cytokines in cell culture supernatants or serum were quantified by ELISA kits specific for mouse IL-10, IL-12p70, and TNF␣ (BD Biosciences) following the manufacturer's protocol. Challenged mice were cardiac-punctured at the stated time points. Blood was left to clot at room temperature for 10 min and then centrifuged at 1200 rpm for 10 min following which serum was collected and cytokines were assayed with ELISA kits. To determine arginase activity, production of urea from arginine was determined colorimetrically as described previously (32) .
Immunofluorescence-For confocal imaging, BMDMs were treated with LPS, poly(I:C) (Sigma), and zymosan (Sigma) for 24 h. Cells were then fixed for 10 min in 4% paraformaldehyde in PBS, permeabilized for 30 min with 0.1% (v/v) Triton-X-100 in PBS, and incubated for 30 min with 5% (w/v) BSA. This was followed by overnight incubation at 4°C with anti-Nr4a2. After three washes, cells were further incubated for 1 h at room temperature with Texas Red-conjugated secondary antibody. For nuclei staining, the cells were stained with DAPI (Sigma) and mounted with antifade (Invitrogen, Molecular Probes). Fluorescent images were acquired with an A1R Nikon confocal microscope.
EMSA-EMSA was performed with oligonucleotides, which were end-labeled using T4-polynucleotide kinase (New England Biolabs) and [␥-32 P]ATP. The wild-type DNA probe containing the Nr4a2-binding site from arginase 1 promoter is described as End-labeled Arg1 and has sequence: 5Ј-GAAGT-AAATGTAAGGTCAAGCGATTTTG-3Ј. The mutant in which the core site for Nr4a2 binding was mutated is described as Mutant 1 with the sequence: 5Ј-GAAGTAAATGTAATTT-CAAGCGATTTTG-3Ј (mutated bases are underlined), whereas the mutant in which the AT-rich region adjacent to the core site on either side was mutated is described as Mutant 2 and has the sequence: 5Ј-GAAGTCCCGGTAAGGTCAGGC-GATTTTG-3Ј (mutated bases are underlined). Recombinant Nr4a2 protein was prepared in vitro using the TNT Quick Coupled Transcription/Translation System (Promega) according to the manufacturer's instructions, and nuclear extract was prepared from BMDMs. For competition experiments, molar excess of unlabeled oligonucleotide was added to compete for the DNA binding. Supershift EMSAs were performed with anti-Nr4a2 antibody. Samples were run on a native polyacrylamide gel, and bands were visualized using a phosphorimaging device (Bio-Rad Molecular Imager FX).
ChIP-For isolation of chromatin, cells were fixed for 30 min in 1% (w/v) formaldehyde. Cross-linking was terminated by the addition of 150 mM glycine. The cells were then washed and lysed by sonication in SDS lysis buffer. Debris were removed by centrifugation, and the cleared lysates were used for immunoprecipitation with ChIP-grade antibody to Nr4a2 (M-196 X). Finally, the immunoprecipitated DNA was amplified.
Flow Cytometry-Cells were washed, blocked, and then incubated for 30 min with allophycocyanin-conjugated anti-mouse F4/80, allophycocyanin-conjugated anti-mouse CD11c, and phycoerythrin-conjugated anti-mouse CD11b using the appropriate isotype controls. For indirect staining, cells were washed, blocked, and then incubated with anti-CD36 for 1 h followed by washing and incubation with fluorochrome-conjugated secondary antibody for 30 min. The stained cells were acquired on a BD Accuri flow cytometer (BD Biosciences) and analyzed with FlowJo software (Tree Star, Inc.).
Statistical Analysis-The statistical analysis was performed using SigmaPlot and GraphPad Prism software. The results are expressed as mean and standard deviation unless otherwise mentioned.
Results

TLR Ligands Induce Nr4a2 Expression in Macrophages and
Dendritic Cells-The orphan receptors of the Nr4a family have been shown to be induced in macrophages by pathogenic components (14, 16, 17) , which raised the possibility that the recognition of molecular pathogen-associated molecular patterns by pattern recognition receptors might be responsible for their expression. As anticipated, we observed elevated levels of Nr4a1, Nr4a2, and Nr4a3 mRNA with the maximum induction seen for Nr4a2 in LPS-stimulated BMDMs as compared with that in control cells (Fig. 1A) . When protein levels were examined, elevation in Nr4a2 expression was seen as early as 2 h after LPS treatment, with levels remaining elevated even at 24 h (Fig.  1B) . To evaluate whether ligation of other TLRs can also induce Nr4a2 expression, BMDMs were treated with different TLR ligands: zymosan, a ligand for TLR2; poly(I:C), a ligand for TLR3; and LPS, a ligand for TLR4. The engagement of each of these TLRs in response to their respective ligand did induce Nr4a2 expression (Fig. 1C ). Furthermore, both peritoneal macrophages elicited by thioglycollate treatment and BMDCs also showed increased levels of Nr4a2 expression when stimulated by TLR ligands (Fig. 1, D and E) , which suggests that these innate cells with myeloid lineage from different physiological niches might show increased levels of Nr4a2 upon activation, although the levels of induction varied with different stimuli. Additionally, confocal imaging further showed the induction of Nr4a2, which interestingly was localized in cytosol with a significant amount also present in the nucleus (Fig. 1F ). Together, these results indicate that Nr4a2 expression is controlled by TLR signaling.
Nr4a2 Expression Is Induced by the PI3K-Akt-mTOR Pathway-The various signaling pathways downstream of TLRs exert distinct biological effects (33) . One such pathway that is elicited upon LPS recognition by TLR4 is the PI3K-Akt pathway, and several studies have shown the involvement of this pathway in LPS-induced gene expression (34 -36) . To determine whether the PI3K-Akt pathway also regulates expression of Nr4a2, we studied the effects of inhibitors for various mediators of this pathway. As reported, we found LPS-induced Akt phosphorylation, which was inhibited when cells were pretreated with the PI3K inhibitors wortmannin and Ly294002 ( Fig. 2A) . Interestingly, such inhibition of Akt phosphorylation resulted in abrogation of LPS-induced expression of Nr4a2 (Fig.  2B ). Similar loss of LPS-induced Nr4a2 expression was also observed when cells were pretreated with an Akt-specific pharmacological inhibitor, Akt inhibitor IV (Fig. 2C) . As mTOR is a well studied downstream effector target for activated Akt (37), we determined the expression of Nr4a2 in the presence of the mTOR inhibitor rapamycin. Pretreatment of cells with rapamycin significantly reduced LPS-dependent Nr4a2 expression ( Fig. 2D) . These results suggest that the PI3K-Akt-mTOR pathway mediates LPS-elicited Nr4a2 expression.
Nr4a2 Favors Alternative Activation of Macrophages-Nr4a2 has been reported to keep a check on inflammation by regulating the expression of various genes in immune cells (17) . To examine whether Nr4a2 modulates inflammation by supporting alternative activation of macrophages, we overexpressed Nr4a2 and looked at its effects on BMDMs. As determined by flow cytometry, no significant change in the expression of F4/80 or CD11b was observed in BMDMs transduced with adenovirus encoding either LacZ or Nr4a2 (Fig. 3A) . On the other hand, Nr4a2 appears to enhance the surface expression of CD36 (Fig.  3B ). Further, in BMDMs transduced with adenovirus encoding Nr4a2, we observed elevated expression of M2 prototype genes such as arginase 1, mannose receptor, and Ym1 and decreased chemokine (CXC motif) ligand 9 (CXCL9) mRNA levels (Fig.  3C ). Consistent with these observations, the secretion of IL-10 was significantly enhanced, whereas that of TNF␣ and , and BMDCs (E) stimulated with LPS (500 ng/ml), poly(I:C) (5 g/ml), and zymosan (25 g/ml) for 24 h. F, confocal microscopy of BMDMs unstimulated (control) or stimulated with LPS (500 ng/ml), poly(I:C) (5 g/ml), and zymosan (25 g/ml) for 24 h and then stained with anti-Nr4a2 and DAPI. DIC is the differential interference contrast. Scale bars, 10 m. Asterisks denote significant differences (* indicates p Ͻ 0.05). Data in B-F are representative of three independent experiments, whereas in A, data are averaged from three independent experiments (mean and S.D.).
IL-12p70 was significantly reduced in BMDMs overexpressing
Nr4a2 (Fig. 3D ). We also observed an augmented expression of CD36 on macrophages derived from the peritoneal cavity of mice injected with adenovirus expressing Nr4a2 (Fig. 3E ). Together, these results indicate that by enhancing the expression of M2 marker genes, Nr4a2 primes macrophages toward the alternative activation state.
Arginase 1 Is a Direct Target Gene for Nr4a2-Nr4a2 regulates gene expression by binding to the conserved motifs on the promoters of its target genes. The promoters of M2 marker genes were extracted using the Cold Spring Harbor Laboratory mammalian promoter database (CSHLmpd) and examined for Nr4a2-binding sites. We found a putative Nr4a2-response element in the distal region of the arginase 1 promoter (Fig. 4A ). The binding on this putative motif was confirmed by performing EMSA with a double-stranded radiolabeled oligonucleotide containing the sequence of Nr4a2-response element in the region of arginase 1 promoter. Nr4a2 bound to this putative response element (Fig. 4, B and C) . The specificity of this binding was confirmed by performing a competition assay with unlabeled oligonucleotide containing either the putative sequence or the consensus sequence for the Nr4a2-binding site (Fig. 4, B and C) . Additionally, we generated mutants to determine the bases in the putative region that are essential for binding. We observed that binding was completely abrogated when mutation was in the core motif, whereas it was significantly decreased when adjacent AT-rich region was mutated ( Fig. 4D ), suggesting that core motif is required for Nr4a2 binding. Next, we performed EMSAs in the presence of nuclear extracts obtained from unstimulated and LPS-stimulated BMDMs. Nuclear extracts from stimulated BMDMs bound to the putative binding site on arginase 1, but extracts from unstimulated BMDMs failed to do so (Fig. 4E) . The interaction between radiolabeled oligonucleotide and nuclear extract from stimu-lated BMDMs was decreased after preincubation with antibody to Nr4a2, suggesting that Nr4a2 in nuclear extract of stimulated BMDMs interacted with the binding element present in arginase 1 promoter (Fig. 4E ). In addition, ChIP assay showed that Nr4a2 interacted with its binding site in arginase 1 promoter in stimulated BMDMs but not in unstimulated cells as seen with amplification of DNA isolates with test primer (Fig. 4, F and G) . No amplification of DNA isolates was observed with control primers (Fig. 4F) . The recruitment of Nr4a2 on arginase 1 promoter was also observed in cells transduced with Ad-Nr4a2 (Fig. 4H ). We also elucidated that overexpression of Nr4a2 induces arginase enzymatic activity (Fig. 4I ). Earlier studies have highlighted that apart from IL-4, pro-inflammatory mediators such as LPS induce arginase 1 expression and its activity (38, 39) . So we determined the effect of Nr4a2 silencing on LPS-induced arginase 1 in BMDMs and peritoneal macrophages and found that loss of Nr4a2 decreased arginase 1 expression ( Fig. 4, J and K) . Thus, it is clear that Nr4a2 interacts with arginase 1 promoter during inflammatory conditions. Nr4a2 Imparts Protection in Septic Animals-To ascertain the pathological relevance of Nr4a2 in vivo, we evaluated systemic inflammation induced by an intraperitoneal injection of a lethal dose of LPS with or without 6-mercaptopurine. 6-Mercaptopurine was used because it induces the transcriptional activity of Nr4a2 (40) . Within 60 h of LPS administration, 90% of the control mice died, whereas mice that received prior treatment of 6-mercaptopurine had better survival during the same period (Fig. 5A) . To further confirm the effect of Nr4a2 against endotoxemia mortality, we adoptively transferred 2 ϫ 10 6 BMDMs transduced with adenovirus expressing LacZ or Nr4a2, intraperitoneally. One day later, mice were challenged with a lethal dose of LPS, and survival was monitored. In this experiment, we noted improved survival in mice that received BMDMs transduced with adenovirus expressing Nr4a2 (Fig. 5B) . The higher survival rates in these mice correlated with lower serum concentration of pro-inflammatory cytokine TNF␣ (Fig. 5C ), which is known to add to the pathological manifestation of endotoxin shock. In contrast, mice that had received BMDMs transduced with adenovirus expressing Nr4a2 had a higher expression of anti-inflammatory cytokine IL-10 than mice that were treated with BMDMs transduced with adenovirus expressing LacZ (Fig. 5D ). Analysis of liver samples showed substantial decrease in LPS-induced damage in mice that received BMDMs transduced with adenovirus expressing Nr4a2 in comparison with those that received BMDMs transduced with adenovirus expressing LacZ (Fig. 5E ). Together, these data suggest that Nr4a2 rescued mice from endotoxin-induced mortality by keeping a check on uncontrolled systemic inflammation.
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Discussion
Members of the Nr4a subfamily of orphan nuclear receptors transcriptionally regulate expression of genes. In this study, we identify Nr4a2 as a gene induced in macrophages in response to TLR ligands. The presence of this receptor skews macrophage polarization to the M2 type ( Fig. 6 ). Additionally, we showed that Nr4a2 binds to the promoter of arginase 1 and transcriptionally enhances its expression. Moreover, the adoptive transfer of macrophages expressing Nr4a2 protects mice from endotoxemia by curtailing pro-inflammatory cytokine production. Overall, this strongly supports an anti-inflammatory role for Nr4a2.
Recent studies have made clear that macrophage polarization is a complex process and is accompanied by a characteristic gene expression program. However, identification of the transcription factors that guide macrophage polarization remains exceptionally challenging as macrophages are constantly vigilant, sensing changes in the microenvironment and rapidly Nr4a2 Role in Inflammation 18310 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 30 • JULY 24, 2015 switching their phenotype to mount an appropriate immune response. Given the role of Nr4a2 in checking aberrant inflammatory processes, our goal was to unravel its relationship to macrophage participation in these processes. We observed elevated Nr4a2 expression in macrophages in response to ligands of various TLRs (Fig. 1, C, D, and F) . Nr4a2 expression has been FIGURE 4. Arginase 1 is a direct target gene of Nr4a2. A, pictorial representation of arginase 1 promoter having a response element for Nr4a2 binding. B and C, EMSA analysis using end-labeled oligonucleotide containing the sequence for the conserved Nr4a2-binding site on the arginase 1 regulatory region in the presence of in vitro translated Nr4a2, competed either in the absence or in the presence of 5-, 10-, 50-, and 100-fold excess of unlabeled oligonucleotide containing sequence for putative arginase 1 Nr4a2-response element (B) or unlabeled oligonucleotide containing sequence for the consensus Nr4a2response element (C). Lane 1 contains free radiolabeled oligonucleotide. D, EMSA was performed using end-labeled oligonucleotide containing sequence for the wild-type arginase 1 regulatory region, Mutant 1 (in which the core motif was mutated) or Mutant 2 (in which AT-rich regions adjacent to core site were mutated) in the presence of in vitro translated Nr4a2. E, EMSA to determine binding of Nr4a2 on the arginase 1 regulatory region using nuclear extracts obtained from unstimulated (Ctrl) or LPS-stimulated BMDMs (500 ng/ml). The DNA-protein binding specificity was determined using anti-Nr4a2 antibody. Lane 1 contains free radiolabeled oligonucleotide. F-H, ChIP analysis of Nr4a2 binding on arginase 1 promoter was performed using chromatin isolated from unstimulated (control) and LPS-stimulated (500 ng/ml) BMDMs (F and G) or BMDMs transduced with Ad-lacZ or Ad-Nr4a2 (H). Cross-linked lysates were immunoprecipitated with either isotype control antibody or ChIP-grade Nr4a2 antibody, and DNA isolates were subjected to amplification. I, BMDMs were transduced with adenovirus expressing LacZ (Ad-lacZ) or Nr4a2 (Ad-Nr4a2) for 48 h, and an arginase assay was performed to determine the enzymatic activity of arginase 1. J and K, BMDMs (J) and peritoneal macrophages (K) were transduced with adenovirus particles expressing sh-LacZ or sh-Nr4a2. 48 h after transduction, cells were stimulated with LPS, and 24 h after LPS stimulation, the samples were harvested and RT-qPCR was performed to determine the relative expression of arginase 1. Asterisks denote significant differences (* and ** indicate p Ͻ 0.05 and p Ͻ 0.01, respectively). shown to be rapidly induced in cells after an encounter with inflammatory mediators, which has been the basis for categorizing Nr4a2 as an immediate-early response gene (14, 16, 17) . Additionally, cAMP-PKA activators and agonists of PKC and calcium signaling are also known to up-regulate Nr4a2 expression (26) . On the other hand, loss of Nr4a2 significantly increases the expression of TNF␣, IL-1␤, and inducible nitricoxide synthase (iNOS) in activated microglia (17) . Depending upon the stimuli, distinct signaling pathways may modulate different transcriptional programs to regulate expression. We showed that LPS-elicited Nr4a2 expression is mediated by the PI3K-Akt-mTOR pathway (Fig. 2) . The activation of macrophages by LPS involves Akt phosphorylation in a PI3K-dependent manner (36, 41) , and mTOR is a crucial downstream target for activated Akt (37, 42) . The PI3K-Akt pathway has also been shown to relay its effect in association with other TLRs in different cells (43) (44) (45) .
Only a few transcription factors crucial for macrophage polarization have been identified and functionally characterized. We examined whether Nr4a2 influences the phenomenon of macrophage polarization and observed that overexpression of Nr4a2 in macrophages induces prototypical mouse M2 marker genes (Fig. 3, B-E) . We have also identified arginase 1 as a direct target gene of Nr4a2 (Fig. 4, B-E) . Although the effect of Nr4a2 on arginase 1 was genomic, its non-genomic role leading to changes in the expression of macrophage marker genes cannot be ruled out. The role of arginase 1 in the immune system is already well appreciated. Arginase 1 is expressed in alternatively activated macrophages and competes for arginine as a common substrate with iNOS in classically activated macrophages. iNOS catalyzes the conversion of arginine to microbicidal nitric oxide and citrulline, whereas arginase 1 converts arginine to urea and ornithine. Ornithine is a precursor for polyamines and intermediates that give rise to collagen for wound healing and tissue repair (46) . Moreover, BMDMs obtained from mice lacking arginase 1 are more susceptible to LPS-induced endotoxin as they show increased production of pro-inflammatory mediators as compared with BMDMs from wild-type mice (47) . Various transcription factors have been shown to regulate arginase 1 expression in response to various stimuli. STAT6 and CCAAT/enhancer-binding protein ␤ (C/EBP␤) are recruited at an enhancer 3 kb upstream of the transcription start site to regulate arginase 1 expression in response to IL-4 (48) . STAT6 also acts in synergy with KLF4 to regulate arginase 1 expression; however, arginase 1 expression in response to Bacillus Calmette-Guérin (BCG) is STAT6-independent and depends only upon CCAAT/enhancer-binding protein ␤ transcriptional activity (13, 49) . PU.1 is also known to bind to the arginase 1 promoter at two sites, one in the enhancer region 3 kb upstream of transcription start site and another 700 bp upstream of the basal promoter (48, 50) . Furthermore, arginase 1 is known to be a PPAR-responsive gene (51) . Thus the expression of arginase 1 is tightly regulated, and any abnormality in its expression leads to inflammatory disorders.
Nr4a2 is a "true orphan receptor" as it lacks a disengaged ligand-binding pocket because the site remains indefinitely inhabited by side chains of colossal hydrophobic amino acids (15) . In the absence of ligands, the N-terminal AF1 domain of Nr4a2, which is involved in ligand-independent transcriptional activity and is the target for various post-translational modifications, is crucial for the regulation of the receptor (52) . Ligands including 6-mercaptopurine and methylene-substituted diindolylmethanes (C-DIM), such as 1, 1-bis (3Ј-indolyl)-1-(p-chlorophenyl) methane (DIM-C-pPHCI), transactivate Nr4a2, pos- 
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sibly by targeting the post-translational modifications in the AF1 domain (40, 53) . In this study, we observed that 6-mercaptopurine prevented mortality in animals challenged with a lethal dose of LPS (Fig. 5A) . Given the role of 6-mercaptopurine as an Nr4a2 transactivator, we believe that the protective effects of 6-mercaptopurine against endotoxin shock are at least partially dependent on Nr4a2. 6-Mercaptopurine does activate other members of Nr4a family, and hence ligand that can specifically activate Nr4a2 may prove to be more effective. Moreover, adoptive transfer of macrophages overexpressing Nr4a2 also proved protective in septic animals.
Overall this work highlights the role of Nr4a2 in guiding alternative activation of macrophages as a vital factor in providing a survival advantage in endotoxin shock. Given this, the role of Nr4a2 in imparting a protective mechanism must be investigated in other inflammatory and autoimmune disorders. Importantly, because DCs were also found to have up-regulated expression of Nr4a2, future studies will take into account the effects of Nr4a2 in both macrophages and DCs in an integrated host response to inflammatory disorders.
